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In t roduc t ion  

The p r i n c i p a l  o b j e c t i v e  o f  t h e  i n v e s t i g a t i o n  is t h e  d i r e c t  con- 
ve r s ion  of coa l -s team systems on t o  hydrocarbons i n  a s i n g l e - s t a g e  
r eac to r  us ing  m u l t i p l e  c a t a l y s t s .  
previous ACS symposium (l), and is  sponsored by the  Of f i ce  of  Coal 
Research o f  t h e  United S t a t e s  Department of t h e  I n t e r i o r  by c o n t r a c t  
w i th  the  Un ive r s i ty  o f  Wyoming. 

The work has  been desc r ibed  a t  a 

Depending upon c a t a l y s t s  and cond i t ions ,  e i t h e r  gaseous o r  l i q -  
uid hydrocarbon products  predominate. 
using n i c k e l  c a t a l y s t ,  methane i s  the  p r i n c i p a l  hydrocarbon product.  
Excess steam r a t e s  w i l l  y i e l d  hydrogen, p r i n c i p a l l y .  In  t h i s  r e p o r t -  
ing,  however, g a s i f i c a t i o n  t o  produce methane w i l l  be the  ove r r id ing  
cons i d e r a t i o n .  

I n  t h e  case  of  g a s i f i c a t i o n  

A p o t e n t i a l  advantage t o  t h e  o v e r a l l  r e a c t i o n  is  t h a t  t h e  pro- 
duc t ion  of methane and carbon d i o x i d e  tends  t o  be au to thermal .  The 
l a r g e  h e a t  requirement f o r  g a s i f i c a t i o n  t o  only  carbon monoxide and 
hydrogen could  be  avoided. The r e l a t i v e l y  small amount o f  h e a t  needed 
t o  s u s t a i n  t h e  r e a c t i o n  would poss ib ly  be added t o  t h e  r e a c t a n t s  p r i o r  
t o  i n j e c t i o n  i n t o  t h e  c a t a l y s t  bed proper .  

In a d d i t i o n  t o  t h e  convers ion  of  c o a l  and l i g n i t e ,  o the r  carboni -  
ferous m a t e r i a l s  have been g a s i f i e d .  These inc lude  waste paper,  t i r e  
rubber,  po lye thylene  p l a s t i c ,  and even manure and sewage sludge. 
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Descr ip t ion  of Reactions 

While t h e  exac t ,  s tep-wise  sequence may n o t  y e t  b e  known, obser -  
v a t i o n s  on in t e rmed ia t e  products  ob ta ined  by ope ra t ing  t h e  o v e r a l l  
r e a c t i o n  i n  s t a g e s  i n d i c a t e  two p o s s i b i l i t i e s :  

\ 
0 

o r  

C + H20 = GO + H2 

= %cH4 + %COP 

C + H 2 0  = #CH + %GO2' 

C + H20 = GO + H2 

GO + H 2 0  = CO + H 2 2  
+GO2 + 2H2 = %CH4 + H20 

GO + H2 

4 

C 4- H20 = fCH4 -F #GO2 

The i n i t i a t i o n  r e a c t i o n  between coa l  and steam w i l l  occur  a t  
lower temperatures i n  t h e  presence  of a l k a l i  materials, c h i e f l y  po ta s -  
sium o r  sodium carbonate .  
u se  of n i c k e l  c a t a l y s t s .  
been found t o  work. 
reduced oxides on va r ious  suppor t  materials, which a r e  r e l a t e d  t o  
c a t a l y s t  d u r a b i l i t y .  

Experimental Systems 

The sequence i s  c a r r i e d  t o  completion by 
Various c o m e r c i a l  n i c k e l  c a t a l y s t s  have 

These c a t a l y s t s  i n  the  a c t i v e  form are p a r t i a l l y  

S tud ie s  on t h e  i n t e g r a t e d  coa l - s t eam-ca ta lys t s  systems have been 
c a r r i e d  ou t  i n  a one-inch d iameter ,  semi-continuous flow r e a c t o r  des-  
c r ibed  previous ly  (1). Superheated s t e a m  a t  r e a c t o r  cond i t ions  i s  
introduced cont inuous ly  i n t o  a charge of coa l  and c a t a l y s t s .  
s ion  i s  also made f o r  s t r a t i f i c a t i o n  or i s o l a t i o n  of t he  n i c k e l  c a t a -  
l y s t  from t h e  c o a l  and a l k a l i .  

Provi -  

S tud ie s  on n i c k e l  c a t a l y s t  behavior a lone  have been c a r r i e d  ou t  
i n  a h a l f - i n c h  d iameter  flow r e a c t o r .  Provis ion  i s  made f o r  i n t r o -  
ducing var ious  gases  as r e a c t a n t s ,  c h i e f l y  GO, H2, GO2. and H S i n  
varying combinations.  

In  a l l  cases ,  r e a c t o r  p re s su re  is maintained by back-pressure  

2 

r egu la to r s ,  and r e a c t i o n  tempera ture  may b e  v a r i e d  by t u b u l a r  h e a t e r s .  
Pressures  from atmospheric t o  800 p s i  have been used, and temperatures 
up t o  1500'F. 
su re ,  bu t  methane production qu ick ly  f a l l s  o f f  above 1400OF. 

The o v e r a l l  r e a c t i o n  i s  l a r g e l y  independent of p r e s -  

Ca ta lys t  Behavior 

Normally, n i c k e l  methanation c a t a l y s t s  a r e  e f f e c t i v e  on streams 

The H /CO r a t i o  must be  kept  up t o  avoid 
of GO and H2 a t  temperatures i n  the  neighborhood o f  700'F and are 
e a s i l y  poisoned by s u l f u r .  
carboniza t ion  and breakdown o f  t he  c a t a l y s t  -- and may be reso lved  
by t h e  add i t ion  o f  steam, 

2 



I n  t h e  i n t e g r a t e d  system, however, with a l l  r e a c t a n t s  mixed, oper- 
a t i n g  temperatures  of 1300°F can be maintained with no c a t a l y s t  break- 
down. Furthermore,  a t  t h e  h igher  temperature,  equi l ibr ium i s  away 
from the formation of s u l f u r  compounds w i t h  t h e  c a t a l y s t  (2). 

Hence, as a r e s u l t ,  the  e f f e c t  of s u l f u r  from t h e  low-sulfur coa ls  
genera l ly  used has been n i l .  The s u l f u r  content  of the  spent  c a t a l y s t  
has been de tec ted  at  0.3%, o f  t h e  same o r d e r  as i n i t i a l l y  present .  

As an a d d i t i o n a l  b e n e f i t ,  t h e  presence of s u l f u r  may a l l a y  decar- 
bonizat ion o f  the  c a t a l y s t  (3 ,4) .  This has  been found t o  be t r u e  i n  
our own work. 

The low-sulfur  Wyoming c o a l s  have been found t o  r e t a i n  much of  
t h e i r  s u l f u r  i n  t h e  ash a t  these  r e a c t i o n  condi t ions  (possibly due 
i n  p a r t  t o  s u l f u r  occuring as t h e  s u l f a t e ) .  

The mechanical s t r e n g t h  of the  c a t a l y s t  i s  of  some concern a t  
t h i s  p o i n t  of the  i n v e s t i g a t i o n .  It is  a n t i c i p a t e d  t h a t  a f l u i d i z e d  
or e b u l l a t i n g  bed w i l l  be u t i l i z e d ,  and a high degree o f  s t r e n g t h  i s  
needed. Toward t h i s  end, techniques a r e  being followed f o r  depos i t -  
ing n i c k e l  on spheres  of  var ious  m a t e r i a l s .  Perhaps ceramic supports 
w i l l  be requi red  u l t i m a t e l y .  

Experimental Resul t s  

The u l t i m a t e  o b j e c t i v e  of  most recent  work on c o a l  g a s i f i c a t i o n  
is the  product ion of a high-Btu gas.  For a product of the  order  of  
900 Btu/SCF, no modi f ica t ion  of e x i s t i n g  burners  and j e t s  would be 
required.  The technology of  CO -removal is a l ready  well-developed. 2 Hence, on a C02-free b a s i s ,  any product which i s  l a r g e l y  methane 
could be used as a f u l l  s u b s t i t u t e  f o r  n a t u r a l  gas .  With t h i s  i n  
mind, a s e l e c t e d  group o f  r e s u l t s  a r e  presented i n  T a b l e  I. 

Table I 

GASIFICATION OF COAL STEAM SYSTEMS 

Run Number  274 36 1 312 
Coal Glenrock Reynolds Consol 
Rank Sub-bi t  Sub-bi t  L i g n i t e  
Cata lys t  Ni-0104 Ni-0104 G-65RS 
Pressure (ps i )  250 250 250 
Temperature (OF) 1200" 1400" 1350" 

Gas Comp. 

c02 

.H2 
c1 

co 

SCF H / t o n  2 SCF Hydroc/ ton 
Theo. C1 y i e l d  
B tu/SCF (Cog- f r e e )  

48.0 

1.8 
50.4 

562 
15,725 
16,600 

977 

-- 46.9 44.2 

3.1 8.7 
50.0 47.1 

855 2,733 
13,783 14,795 
16,100 15,900 

962 899 

-_  -- 

356 
Minnkota 

L i g n i t e  
Ni-0104 

250 
1400 O 

44.9 

5 . 1  
50.0 

1,689 
16,556 
18,400 

939 

. ,  

-- 



67 

I 

The c o a l s ,  a s  used, were a i r  d r i e d  from 25-30% mois ture  t o  about  5- 
20%. Yields  are repor ted  on an "as used" b a s i s .  

A d i f f e r e n t  comparison i s  presented i n  Table I1 on average  r e p r e -  
s e n t a t i v e  y i e l d s  from v a r i o u s  organic  m a t e r i a l s .  

Table I1 

Y I E L D  OF HIGH BTU GAS 
(Standard Cu. F t .  p e r  Ton) 

COAL 
PAPER (RAW) 

TIRE RUBBER 
POLYETH. PLASTIC 

SFNAGE SLUDGE 
(TREATED) 

(CHAR) 

MANURE (CHAR) 

(CHAR) 

Actual  

15,000 
12,000 
20,000 
24,000 
24,000 
14,000 

6,000 
7,000 

T h e o r e t i c a l  

18,000 -- -- 
25,600 
27,100 -- 

7,000 
9,000 

I n  a d d i t i o n ,  v a r i o u s  coa l -der ived  c h a r s  and tars have been g a s i -  
f i e d ,  and a l s o  o i l  s h a l e .  

Conclusions 

The i n v e s t i g a t i o n s s o  f a r  i n d i c a t e  without  a doubt  t h a t  i t  is  
chemical ly  p o s s i b l e  t o  convert  c o a l  and o t h e r  carbonaceous materials 
wi th  s team to d i r e c t l y  y i e l d  hydrocarbons. It i s  a ques t ion  now o f  
demonstrat ing t h a t  t h i s  can be done f e a s i b l y  i n  a fu l ly-cont inuous  
system, with h e a t  added only t o  t h e  r e a c t a n t s .  Toward t h i s  end, t h e  
d e t a i l e d  engineer ing des ign  i s  underway f o r  f a b r i c a t i o n  of a f u l l y -  
continuous u n i t  wi th  a 6- inch diameter ,  f l u i d i z e d  r e a c t o r .  Various 
ways o f  in t roducing  t h e  pulver ized-coal  feed w i l l  a l s o  be i n v e s t i -  
gated w i t h  t h i s  u n i t .  
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